This study examines the osteological changes in the hands and fingers of rock climbers that result from intense, long-term mechanical stress placed on these bones. Specifically, it examines whether rock climbing leads to metacarpal and phalange modelling in the form of increased cortical thickness as well as joint changes associated with osteoarthritis. This study also attempts to identify specific climbing-related factors that may influence these changes, including climbing intensity and frequency of different styles of climbing. Radiographs of both hands were taken for each participant and were scored for radiographic signs of osteoarthritis using an atlas method.
Introduction
In recent years the popularity of recreational and competitive rock climbing has been on the rise, and as a result there has been an increase in reports on climbingrelated injuries (Bannister & Foster, 1986; Bollen & Gunson, 1990; Bollen, 1990a,b; Cole, 1990; Della Santa & Kunz, 1990; Heuck et al. 1992; Shea et al. 1992; Hochholzer et al. 1993; Robinson, 1993; Haas & Myers, 1995; Rooks et al. 1995; Holtzhausen & Noakes, 1996; Wyatt et al. 1996; Jebson & Steyers, 1997; Rooks, 1997; Schaeffer et al. 1998; Klauser et al. 1999) . Many are reports on acute and overuse soft tissue injuries, although there is growing interest in climbing's effect on long-term joint health as well as on bone modelling (Bollen & Wright, 1994; Rohrbough et al. 1998; Schöffl et al. 2004) . Rock climbers, especially at more advanced levels, routinely expose their fingers and hands to intense mechanical stress by supporting part or all of their body weight on their fingers. Most climbers are quite aware of the potential for soft tissue injuries, but also express concern regarding osteoarthritis (OA).
These concerns are well founded because it is known that heavy or repetitive mechanical stress can have adverse effects on joint health (Simon, 1999) . Just as well established is the link between mechanical stress and bone modelling and remodelling (for a review see Pearson & Lieberman, 2004) . Rock climbing provides an opportunity to evaluate the modelling response of bone to mechanical stress.
Although some joint loading may have protective effects on finger health (Solovieva et al. 2005) , continual overloading can lead to joint impairment (Felson et al. 2000) . The relationship between sports and OA is well established and appears to be most related to direct, high-intensity joint impact and torsion (Kujala et al. 1995; Spector et al. 1996; Buckwalter & Lane, 1997; Coggon et al. 1998) . Although climbing rarely involves joint impact, the compressive loads on some finger joints can be intense and joint torsion is frequent. Previous studies have found very different frequencies of OA among rock climbers compared with control samples (Bollen & Wright, 1994; Rohrbough et al. 1998; Peters, 2001; Schöffl et al. 2004 ).
In addition to joint changes, the mechanical stress incurred during rock climbing may be sufficient to stimulate the deposition of new bone. There is a great deal of interest in the effect of mechanical stress on long bone cross-sectional geometry, because bone geometry is used frequently by anthropologists to infer activity patterns (Ruff et al. 1999; Stock & Pfeiffer, 2001; Trinkaus & Ruff, 1999a,b) . Previous work has found increased cortical thickness in the hands and fingers of rock climbers compared with a paired control sample (Bollen & Wright, 1994; Schöffl et al. 2004) .
The relationship between mechanical stress and modelling, however, is an immensely complex one that is mediated by several factors. In a review of bone modelling and remodelling, Pearson & Lieberman (2004) conclude that the ubiquitous invocation of Wolff's law by functional morphologists is inappropriate because it does not provide an adequate description of the cortical bone response. Instead, they advocate more complex equilibrium and optimization models, which include ontogenetic age, skeletal location and haversian remodelling, to describe the total bone response more accurately. The complexities of these proposed relationships mandate that modelling and remodelling responses be examined separately for ontogenetic stages and skeletal elements.
This study examines two potential effects, OA and bone modelling, of rock climbing on metacarpals and finger phalanges by comparing a sample of recreational rock climbers with a matched (weight and height) group of non-climbers. First, the mechanical stress generated in the joints during rock climbing may contribute to a higher incidence of OA in rock climbers.
Secondly, the mechanical stress associated with rock climbing may induce bone deposition to enhance strength. Because of the variety of hand positions rock climbers utilize, it is likely that they subject their hands and fingers to various combinations of compressive, tensile, bending and torsional stresses. Compressive and tensile strength are both proportional to crosssectional area, while bending and torsional strengths are proportional to second moment of area and polar moment of inertia, respectively (Ruff, 2000) . We expect that cross-sectional area, second moment of area and polar moment of inertia should be greater as a result of rock climbing and directly related to stress levels.
Although other studies have noted changes in the hands and fingers of rock climbers, this study expands on previous work in two main ways. First, we examine multiple measures of bone dimensions to estimate bone strength and to discern the location (subperiosteal or endosteal) of bone deposition. Secondly, we attempt to identify climbing-related factors that may contribute to modelling and OA. Rock climbing is a multifaceted sport and several distinct types or styles of rock climbing are recognized. To illustrate how these different styles and levels of climbing might influence osteological changes, a brief description of different climbing styles and the difficulty rating systems follows.
Three styles of rock climbing were investigated in this study: sport climbing, traditional climbing and bouldering. These types of rock climbing share the common feature that the climber makes progress up the rock using only the body (generally hands and feet, although knees, elbows, hips as well as other body parts are considered acceptable). The 'ethic' for these styles dictates that the climber may not use protection equipment or mechanical devices to make upward progress and such equipment is only used for safety in the event of a fall. The difference between these styles is mainly in the type of protection used to catch a falling climber.
In both sport climbing and traditional climbing, a rope is attached to protection points along the length of the 'route' (a specific section of rock). During sport climbing, as the climber ascends, he or she secures the rope to regularly spaced bolts that are permanently affixed in the rock. The bolt protection greatly enhances safety and allows the climber to focus almost entirely on the athletic aspects of the sport. Emphasis in sport climbing is often on pushing physical limits and attempting more difficult routes. In traditional climbing, the climber attaches the rope to specially designed equipment that must be affixed in the rock while ascending, and these pieces of equipment serve as the points of protection. This style demands great skill and time for affixing these protection points, because if not done correctly the protection will become dislodged and will not arrest a falling climber. Because a greater amount of the climber's attention must be directed towards protection (as compared with sport climbing), the athletic aspect is of lesser emphasis. Thus, climbers are generally able to attain a higher level of difficulty in sport climbing than they can in traditional climbing. Bouldering is rock climbing on short pieces of rock (usually boulders as the name implies) with use of a transportable foam mat to cushion the climber when they fall. Because of the relatively low height and lesser inherent danger, the emphasis is often on athletic difficulty.
We also investigated two activities related to rock climbing. The first is gym climbing, which can either be of the bouldering or sport climbing type, but is carried out on artificial climbing structures. The second is hand-and finger-specific exercises, which are used by many climbers to enhance hand and finger strength.
To help climbers locate a route of appropriate difficulty, each climbing route has an associated difficulty rating called a 'grade'. Although this rating is a consensus of climbers' opinions, several objective factors influence the grade of a route independently. These factors include the size of the hand and foot placements (hand-holds/foot-holds), distance between hand-holds or foot-holds, degree of overhang of the rock and frictional coefficient of the rock. Routes that are not overhanging, have large hand-holds and foot-holds, short distances between holds and highly textured rock receive easier grades than routes characterized by small holds that are far apart on smooth, radically overhanging rock (Fig. 1 ).
Sport and traditional climbing routes are rated, in North America, using the Yosemite Decimal System.
This is an open-ended scale and routes currently range 
Materials and methods

Data collection
Twenty-seven climbers and 35 non-climbers were In addition to the questionnaire, a posterioranterior radiograph of the right hand and a lateral radiograph of the left hand were taken for each participant with a Trex Hologic X-ray machine and standard film-to-tube distance of 40 inches. All postero-anterior radiographs were scored using a single-blind approach (P.A.K.) for the radiographic changes associated with OA using an atlas method (Altman et al. 1995) . These radiographic signs include marginal osteophytosis, joint space narrowing, sclerosis and subchondral cysts. An unaffected site was scored as 0, and possible, definite or severe involvement was scored as 1, 2 or 3, respectively.
Three joints were scored for each ray. The carpalmetacarpal, metacarpal-phalangeal and interphalangeal joints were scored for the thumb. For the fingers, the metacarpal-phalangeal and both interphalangeal joints were scored. A randomly selected subset of ten individuals was scored a second time and a kappa test for intraobserver reliability indicates high repeatability (Kappa coefficient = 0.92, Z -score = 12.23, P < 0.0001).
Total bone and medullary width were measured for 12 bones in each radiograph using digital calipers by one of us (A.M.C.). The metacarpals and proximal and medial phalanges of the second to fifth rays were measured from the radiograph of the right hand radiograph. The proximal, medial and distal phalanges of the second to fifth rays were measured on the left hand radiograph. Metacarpal measurements were taken at midshaft (Roy et al. 1994 ), while proximal and medial phalanges were measured at two-thirds of the shaft length from the proximal end following Bollen & Wright (1994) . Distal phalanges on lateral radiographs were measured just proximal to the apical tuft.
Replicate total width measurements were taken for 20 participants (A.D.S.), and a MANOVA test of interobserver reliability did not reveal a significant difference (Wilks' lambda, F = 0.40, P = 0.98).
Four bone dimensions were calculated as measures of bone strength and to determine the location (subperiosteal/endosteal) of bone modelling in the fingers. Cross-sectional area was calculated for each bone using the ring model described by Roy et al. (1994) and provides a measure of the compressive and tensile strength of the bone. Second moment of area, which is proportional to bending strength, was also calculated using the ring model. The second moment of area was also used as a measure of torsional strength because in a circular ring the polar moment of inertia, which is proportional to torsional strength, is simply twice the second moment of area (Roy et al. 1994 ).
Total bone width and medullary width were used to determine the location of bone (subperiosteal/ endosteal) modelling. All bone measures were scaled by body mass prior to analyses. The linear measurements were scaled by reported body mass 0.33 and area was scaled by reported body mass 0.67 . Second moment of area was scaled by the product of body mass and bone length as recommended by Ruff (2000) .
Analyses
Because the prevalence and severity of OA were low, the OA scores were dichotomized to either 0 (no radiographic signs) or 1 (any radiographic sign). Climbers and non-climbers were compared using a chi-squared test for independence, testing the null hypothesis that climbers and non-climbers had the same levels of OA development, and as an alternative considered the hypothesis that climbers and non-climbers were statistically different. To examine which finger joints contributed to group differences, we regressed group membership against the OA scores for each joint using logistic regression.
Climbers and non-climbers were compared for the four measures of bone dimension (area, second moment of area, total width and medullary width) using individual multivariate analysis of variance ( MANOVA ) tests. We tested the null hypothesis that no group differences exist, and considered the alternative that significant group differences are present. We followed each significant MANOVA test with a principal component analysis (PCA) performed on the entire sample and retained only those components with eigenvalues greater than one for further analysis. We then compared the principal component scores for climber and non-climbers using multiple ANOVA tests. A Bonferroni adjustment was made to the significance level ( α = 0.0025) for all between-group comparisons to control for type-one errors associated with multiple tests.
To understand how different styles and length of participation in climbing might influence bone strength and dimension, we followed significant MANOVA tests with an additional PCA using only the climber subset.
We then used the first principal component as the In cases where participants did not provide hours of climbing style, the hours of participation was recorded as zero. In cases where participants did not provide information on highest level of climbing achieved, we treated this as missing data and the case was removed from the regression analysis.
Results
Sample
Summary statistics for the mass, height and age data for the entire sample are provided in Table 1 . Climber data, including hours and levels achieved in specific facets of climbing, are provided in Table 2 .
Osteoarthritis
Analyses revealed that climbers and non-climbers differed significantly with respect to the development of OA, although no individual in either group exhibited subchondral cysts or sclerosis and only one person (Subject 3) had a score of 3 (distal interphalangeal joint of 3rd phalange). Interestingly, it was the non-climbers rather than the climbers that had a higher incidence of OA compared with expected values (Table 3) . Forty-four per cent of climbers compared with 82% of non-climbers had some evidence of osteophytosis and/or joint space narrowing (Table 3) . Logistic regression analysis suggested that only one finger joint, the distal joint of the thumb, was a significant predictor of group membership ( R 2 = 0.2756, F = 22.82, P < 0.0001) although its predictive ability was low. The estimate of the regression slope was negative ( m = − 4.787), indicating that higher incidence of OA in this joint was associated with the non-climbers (Table 4 , Figs 2 and 3). 
Bone dimensions and strength
Climbers and non-climbers differed in second moment of area (Wilks' lambda, F = 3.45, P = 0.0004), crosssectional area (Wilks' lambda, F = 4.91; P < 0.0001) and total width (Wilks' lambda, F = 3.24, P = 0.0008), but not for medullary width (Wilks' lambda, F 1.97, P = 0.0335) ( Table 5 ). Because a statistical difference was not found between climbers and non-climbers with respect to medullary width additional analyses were not performed.
Results from the PCAs are provided in Tables 6-8 .
The first and second components from the PCA performed on the combined climber/non-climber sample are plotted in Fig. 4(a)-(c) . In all three measures of bone strength, ANOVA tests performed on the first principal component scores revealed between-group differences ( Tables 9 -11 ). In all measures climbers had higher first principal component scores than non-climbers.
Subsequent tests on the other retained components did not reveal any group differences for each measure of bone strength (Tables 9 -11 ).
Regression analysis
The PCA performed on the climber subset second moment of area data resulted in a first principal component that accounted for 0.3626 of the variation. Two climbing variables were found to be significant predictors ( α = 0.05) of the first principal component, while an addition variable was nearly significant. These variables were highest level of difficulty achieved in bouldering ( R 2 = 0.3396, t = 3.44, P = 0.0022), hours of bouldering per week ( R 2 = 0.1721, t = 2.28, P = 0.0314) and highest level achieved in sport climbing ( R 2 = 0.1371, t = 1.99, P = 0.0573). Regression equations and plots for second moment of area data are given in Table 12 and Fig. 5 . Results from analyses on total width and cross-sectional area are similar and are reported in Tables 13 and 14. A partial correlation analysis was performed with the two significant variables, highest level of difficulty achieved in bouldering and hours of bouldering per 
Discussion
Results from the OA analysis seem surprising in light of the known connection between joint stress and OA, as well as between age and OA. One explanation we considered is that the climbers who participated in this study may not climb at sufficient levels to incur the joint stress necessary to cause joint damage; however, pain from it, they may decide to quit (or never take up) the sport. Those remaining long-term and at elite levels may be those who had healthier hands before beginning. The higher incidence of OA among the non-climbers, however, is most likely a spurious result of the sample.
Size accounts for the majority of sample variation:
climbers have stronger fingers than non-climbers. The Climbers have greater cross-sectional area than non-climbers, indicating that additional bone has been deposited to accommodate the mechanical stress associated with rock climbing. Analyses of total width and medullary width reveal that bone is being deposited on the subperiosteal surface, but not endosteally.
These results conform to mechanical expectations.
Increases in torsional and bending strength are made by increasing second moment of area and polar moment of inertia, and these measures are greater in climbers. Because both measures are dependent not only on the cross-sectional area but also on how far One significantly complicating factor in comparing climbers and non-climbers, however, is the systemic response of bone to physical activity (Lieberman, 1996) .
Climbers may be a more active group than non-climbers and the increased cortical thickness may be part of a systemic response to that activity. The significant correlation of climbing ability with bone strength, however, suggests that the bone response is specific to climbing stress and not to overall activity level.
There does not appear to be a relationship between earlier initiation of climbing and thicker cortical bone.
Most climbers (21 out of 27) in this study had finger and hand epiphyses that had fully fused (age > 16.5 years)
when they began climbing, although the same number had probably not reached full skeletal maturity (age < 25 years). The age at which participants started climbing is not correlated with the first principal component of the second moment of area data (Fig. 6 ).
In fact, several climbers began climbing well after total skeletal maturity but their bones are among the strongest (Fig. 6 ). These results suggest that it is possible for adults to add bone subperiosteally in metacarpals and phalanges. Alternatively, climbers may be, as a group, generally more active over their lifetime, including prior to engaging in rock climbing.
Thus, the fact that the climbers who began later in life have thicker hand and finger bones may reflect higher activity levels prior to skeletal maturity.
These results contradict the general findings that pre-and post-pubescent individuals add bone mainly on the endosteal surface (Bass et al. 2002) . Optimization models suggest haversian remodelling to be dominant over modelling in distal segments to prevent additional energy expenditure resulting from accelerating additional mass in distal limb segments during motion (Lieberman et al. 2003) . The additional mass in the hands and fingers is so small in relation to the whole limb that it possibly has little effect on energetic costs. These findings do support equilibrium models that predict bone changes that maintain stress strain ratios below a specific threshold (Frost, 1987) .
Bouldering and sport climbing, in which physical/ athletic difficulty is the primary emphasis, are important determinants of bone strength. Climbing difficulty is, at least partially, inversely related to the size of hand-holds and directly related to the degree of overhang. More difficult sport climbs and boulder problems are often considered more difficult because hand-holds are smaller and the rock face steeper.
Steeper rock requires a greater proportion of the body mass to be supported by the hands and arms, while 
Conclusion
The results of this study suggest that the mechanical stress generated during rock climbing is sufficient to stimulate the bone deposition response. The relationship between measures of bone thickness and sport climbing and bouldering, and not traditional climbing or years of climbing, indicate that bone remodels to accommodate high-intensity mechanical stress and not to frequent low-intensity stresses, even if maintained over long periods of time. The results also suggest that it is possible for adults to deposit new bone subperiosteally, even if they have already reached skeletal maturity. The results do not support the findings from other studies that climbers have a higher incidence or earlier onset of OA.
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